Abstract-The optical and electrical characteristics of microdischarge devices and arrays fabricated in semiconductors and metal/polymer structures are described. Devices as small as (10 m) 2 in emitting area (nanoliters in volume) and arrays as large as 30 30 have been demonstrated and operated at gas pressures up to and exceeding one atmosphere. This new generation of microoptical sources is capable of producing photons from the infrared to the vacuum ultraviolet and beyond and is well suited for integration with microoptoelectronic, fluidic, and mechanical systems.
I. INTRODUCTION

M
ICRODISCHARGE is the broad term that has come to be associated with a class of glow discharge devices in which the spatial dimensions of the plasma are nominally 1 mm. Catapulted to prominence by the pioneering work of Bitzer and Slottow on neon-based displays in the 1960s [1] , [2] , the microdischarge pixel is now at the heart of the billion-dollar plasma display panel (PDP) industry. Recently, however, fabrication techniques developed by the very large scale integration (VLSI) and microelectromechanical systems (MEMs) communities have been adapted to produce new series of semiconductor, ceramic, and metal/polymer microdischarge devices [3] - [11] that offer promise for a broad spectrum of applications, including chemical sensors, precision microdisplays, and ignitors for arc lamps. Having cross-sectional dimensions as small as (10 m) , this family of hybrid solid state/gas devices has characteristics not available in conventional (macroscopic) discharges, including: 1) the ability to produce continuous glow discharges in gases and vapors at pressures up to and beyond one atmosphere, and 2) specific power loadings of tens of kW cm on a continuous basis. The latter is of particular importance if one wishes to efficiently generate radiation from short-lived atomic or molecular species such as the rare gas-halide excimer molecules. Furthermore, from a single device, photons ranging in wavelength from the extreme ultraviolet (XUV) to the far infrared can be produced. Arrays of emitters can now be fabricated with a precision heretofore unavailable, thus enabling the realization of intricate arrays designed to achieve specific optical characteristics and the integration of low cost, incoherent optical sources with fiber and on-chip optoelectronic systems.
The electrical and optical characteristics of several microdischarge devices and arrays recently developed at the University of Illinois are described here. Specifically, silicon-based devices with cross-sectional dimensions as small as (10 m) have been fabricated to date and characterized. Drawing on VLSI fabrication techniques while introducing new electrode and dielectric structures, arrays as large as 30 30 of (50 m) microdischarge devices have been operated successfully and applied to the excitation of a green phosphor. In a quite separate application that draws on the ability to extract electrons and ions, in addition to photons, from microdischarges, an array of three microdischarges has been demonstrated to reduce the breakdown voltage for a discharge in Ar by a factor of two or more. The potential impact of this new family of devices on a wide variety of photonics, microfluidics, and lighting systems appears to be extraordinary, and this paper will review only a portion of the results obtained to date and the applications envisioned. The integration of microdischarge devices into silicon, in particular, appears to offer a solution to a long-standing problem in MEMs system engineering-namely the availability of an optical source. Components, such as mirrors and Fresnel lenses, have been demonstrated and complete microfluidic and mechanical devices and systems have been available for more than a decade, but the absence of a suitable optical source has presented barriers to a variety of applications [12] . This paper is organized as follows: Section II discusses the properties of silicon-based microdischarge devices and arrays, including a pn-junction excited microdischarge, and independently addressable sub-arrays of microdischarge devices having pyramidal Si cathodes. The improvement in microdischarge device performance that is afforded by a screen electrode is described in Section III, and Section IV briefly discusses polymer/metal film microdischarge devices that are attractive candidates for low cost, flexible, and yet high brightness arrays. A few comments regarding the status of this family of devices and prospects for future development are offered in Section V.
II. SILICON-BASED MICRODISCHARGE DEVICES AND ARRAYS
Because of the prospect for integration with electronic devices and subsystems, Si-based microdischarge devices are of particular interest. The first devices, reported in 1997 by Frame et al. [3] , comprised a Si hollow cathode, 200-400 m in diameter, a thick ( 1 mm) dielectric and a thin metal anode. Stable glow discharges were produced in these devices in Ne or N gas at pressures up to and beyond 1 atm. Continuous power loadings of the discharge above 10 kW cm were obtained on a routine basis and spectroscopic studies of rare gas discharges in the ultraviolet (UV) showed conclusively that the microdischarge behaved as a hollow cathode for pressures up to and above 50 torr. Such an environment is ideally suited for producing transient molecules such as the diatomic and triatomic excimers, and in 1998, the continuous-wave (CW) excitation of a rare gas-halide molecule (xenon monoiodide, XeI) was first demonstrated [4] . Intense emission in the UV was observed from mixtures of Xe gas and I vapor, and Fig. 1 shows the spectrum recorded in the UV, visible, and near-infrared (200-840 nm) with a spectrograph/optical multichannel analyzer combination. Although the spectrograph was equipped with a grating having a blaze wavelength of 400 nm, the iodine resonance line (6s P 5p P ) at 206.24 nm and the B X transition of XeI, peaking at 254 nm, are nevertheless quite strong, and in fact, are the only significant features observed throughout this spectral region [4] . Because of the rapid roll-off in the response of the grating below 400 nm, the relative intensities of the atomic iodine and XeI emission are not accurately reflected by the spectrum in the 200-300 nm interval and the spectral profiles of the two features are better represented in second order (400-550 nm). An attractive asset of the XeI molecule is that its peak emission virtually coincides with the 254-nm resonance line of Hg and, therefore, potentially offers a nontoxic replacement for Hg in lamps.
Microdischarge devices having planar Si cathodes were subsequently fabricated and characterized in 1998 [5] and arrays having as many as five elements were constructed and operated successfully. Recently, however, photolithographic and conventional etching techniques have been employed to produce larger and much more precisely defined arrays. Having inverted square pyramidal cathodes, these microdischarge devices also include a dielectric, 5-10 m in thickness, and a 1200-2000 Å thick Ni film anode [7] . A generalized diagram of the typical pyramidal electrode device structure is illustrated in the upper portion of Fig. 2 . An electron micrograph of a 3 3 array of (50 m) pyramidal cathode devices is also presented in Fig. 2 . For this array, the interdevice spacing is also 50 m. When the dielectric film is solely polyimide, 8 m thick and having a dielectric constant of , the microdischarge device exhibits a high positive differential resistance ( ) for discharges in Ne, arrays as large as 6 6 have lifetimes of several hours, and operating voltages as low as 200 V are measured for 5 5 arrays. Larger arrays, such as 10 10, are difficult to ignite with this structure, and have lifetimes of only a few minutes. However, it has been found that resorting to a composite dielectric, consisting of 0.9 m SiO , 0.5 m of Si N , and 8 m of a dry-etchable polyimide, results in 15 15 arrays having lifetimes of two hours, or more than a factor of 50 larger than those obtainable with a single polyimide dielectric film. Fig. 3 shows optical micrographs of a 27-element array of (50 m) pyramidal cathode devices. In the right-hand portion of the figure, the array is operating in 900 torr of Ne at a voltage and current of 740 V and 83 A, respectively.
All of these Si pyramidal cathode devices are characterized by a positive differential resistance over virtually all of their normal operating range (abnormal glow regime). Consequently, although external ballast is often desirable for testing purposes and for limiting the current drawn by the arrays, it is not required for operating the arrays. Voltage-current ( -) data for a single 50 m 50 m square microdischarge device with no external ballast, and a 10 10 array of (50 m) devices with 1 M of ballast, are given in Fig. 4 (a) and (b), respectively. For a single device, operating voltages as low as 113 V are observed for a Ne pressure of 900 torr. The lower pressure limit for the generation of stable glow discharges is 300 torr. At this pressure ( ), the product (where is the transverse dimension of the discharge channel) is 1.5 torr cm. The 10 10 array also operates stably over a broad range of Ne pressures and operating voltages below 150 V are measured for torr and The smallest devices fabricated thus far have 10 10 m pyramidal cathodes. An optical micrograph of a (10 m) microdischarge device operating in 400 torr of Xe is presented in Fig. 6 . Not surprisingly, this device will not ignite with, for example, 500 torr of Ne because the product in this case, 0.5 torr cm, lies well below the Paschen minimum.
Considerable improvement in the performance of large arrays is realized if the overall structure comprises subarrays that are excited independently. Several photographs of the largest array structure fabricated and tested to date are shown in Fig. 7 . Composed of four 15 15 subarrays of (50 m) devices separated (center-to-center) by 50 m, this device structure has an overall area of 8.5 mm and an emitting area of 1.75 mm . When operated with neon at a total current of 14.5 mA, this array produces 250 W of output power over the 300-800 nm spectral region in a solid angle of sr. Although lifetime tests have not yet been carried out on this particular array, a similar structure consisting of eight 3 3 arrays produces 70% of maximum power after 19 h of continuous operation in 800 torr of Ne.
These arrays (or individual devices) are well suited for exciting a phosphor. The left-hand portion of Fig. 8 shows the four array structure of Fig. 7 operating in Ne and on the right of the figure is a photograph of the intense green emission produced by illuminating a Zn SiO : Mn phosphor film with the radiation produced by the 30 30 array operating in a gas mixture of 500 torr Ne and 50 torr Xe. For these experiments, a 250-m-thick sapphire wafer (6 4 mm ), onto which a thin film of the phosphor was deposited, was mounted 1.1 mm from the surface of the 30 30 array. The emission produced by the array and phosphor is quite bright, even when viewed from a distance of several meters. Recalling that single Si microdischarge devices with transverse dimensions of (10 m) have already been operated successfully, it is apparent that multicolor phosphor pixels can be photoexcited by Si-based microdischarge arrays to yield displays of extraordinary spatial resolution.
In summary, arrays of microdischarge devices having Si cathodes and emitting areas as small as (10 m) have been fabricated and operated continuously at gas pressures up to and beyond one atmosphere. Arrays as large as 30 30 (comprising four 15 15 subarrays) and emitting areas of 1.8 mm have been tested thus far and lifetimes in excess of 19 h have been demonstrated when the sub-arrays are excited independently. Although the results described here have focused on devices having inverted, square pyramidal cathodes, cylindrical cathodes microfabricated by deep reactive ion etching (RIE) have also been produced. Arrays of these devices are also well behaved and a detailed description of their properties will be published elsewhere. Furthermore, the excitation of a microdischarge by a reverse-biased pn junction was demonstrated recently [10] . The integration of the microdischarge into the pn junction provides the opportunity to tailor the high frequency characteristics of the microdischarge through the shunt capacitance provided by the reverse-biased junction.
The precision with which intricate array patterns can be constructed, the stable performance of these devices at atmospheric pressure, and the pixel sizes available through well-developed Si fabrication technology, combine to make this new genre of hybrid Si/gas devices attractive for a broad range of applications in photonics, including high resolution microdisplays, on-chip frequency standards, and optical pumping sources for microchip solid state lasers.
III. METAL/POLYMER/METAL DEVICES, SCREEN ELECTRODES
The versatility of microdischarge devices is, perhaps, best attested to by the breadth of materials systems and device configurations that have operated successfully. Several potential applications of microdischarge devices and arrays are sensitive to factors such as weight, array flexibility, or high temperature capability. With one or more of these characteristics in mind, several groups of devices and arrays have been explored and two are described here.
A series of microdischarge devices have been fabricated in metal/polymer/metal-layered structures and operated at rare gas pressures up to 1200 torr of Ne. The first devices, reported in 2000 [6] , consisted of a copper foil (or a copper film on Kapton) cathode, a 5-6-m polyimide dielectric film, and a 200-nm-thick Ni film anode. Cylindrical microcavities, typically 150 m in diameter, were drilled mechanically or with a pulsed Ti : sapphire laser. Having a total thickness of 30 m, these devices are well suited for flexible arrays, and, in fact, sealing of arrays of metal/polymer/metal devices by conventional lamination was demonstrated [6] . Operating voltages as low as 114 V were observed at 700 torr of Ne and device lifetimes were in excess of 50 h.
Recently, metal/polymer/metal devices having 30-m diameter microcavities have also been fabricated and tested. Microdischarge devices comprising a 25-m-thick Ni foil, 7-8-m of polyimide, and a 0.2-m-thick Ni film anode produce stable CW glow discharges for Ne pressures up to and above 700 torr. At 1200 torr of Ne, the device operates at voltages as low as 87 V with a current of 105 A and 200 k of external ballast. The current can be increased to 0.6 mA before damage occurs to the device. With a calibrated pin detector, the optical power emitted from the microcavity in a solid angle of sr and over the 300-800 nm spectral region is measured to be 4.7 W. Because of the small volume of the Four spectra, corresponding to Ne gas pressures between 700 and 1200 torr (at 300 K) are shown. The device operating currents are 0.085, 0.117, 0.24, and 0.403 mA for the 700-, 830-, 1000-, and 1200-torr spectra, respectively. plasma ( 100 nanoliters) and the diameter of the microcavity, in particular, the discharge behaves as a hollow cathode at pressures that are unprecedented. As an example, consider Fig. 9 which compares the emission spectra recorded in the near-UV (325-375 nm) for a 25-m Ni foil/ 7-m polyimide/200-nm Ni microdischarge device having a 30-m-diameter cylindrical cavity. Results are shown for four pressures between 700 and 1200 torr of Ne and, on the 830-torr spectrum, atomic lines produced by the singly charged Ne ion are denoted by a solid dot. Notice from the torr spectrum that, although the device is operating at a pressure well in excess of one atmosphere, the emission emanating from Ne (primarily P and F states, some of which lie 55 eV above the Ne ( ) ground state [3] , [8] ) is actually more intense than that produced by the neutral excited states in this spectral region. Of course, the neutral atomic species is still the predominant emitter overall (with most of the fluorescence generated in the red), but the strength of the ionic transitions in Fig. 8 has not been observed previously [3] and is a unique characteristic of sub-50-m diameter microdischarges. It is also apparent that the Ne lines (which reflect the ballistic component of the electron energy distribution function) are quite strong, even for Ne pressures of 1200 torr.
Dramatic improvements in device performance are observed when the annular metal anode is replaced by a screen electrode. Spectrum (a) of Fig. 10 illustrates the emission observed in the 330-370-nm region from a 200-nm Ni/8-m polyimide/25-m Cu foil device operating in 300 torr of Ne at a current of 369 A and having a 50-m-diameter cavity. If the annular Ni anode is now replaced by a 17-m-thick Ni screen having 22-m-wide hexagonal openings, the spectrum of Fig. 10(b) is recorded for operating conditions otherwise virtually identical to those for part (a). The increased strength of the Ne transitions in part (b) is immediately evident. In fact, the relative strength of the ion lines for torr and the screen electrode is approximately the same as that observed without the screen electrode at considerably lower Ne pressures ( torr). These and other data suggest that the incorporation of a screen electrode into the device has the effect of raising the electron temperature of the discharge. Furthermore, results published recently [9] demonstrate that a screen electrode improves device performance considerably when used as a cathode rather than an anode. When operated with 500 torr of Ne, a (100 m) Si inverted pyramid anode/8-m polyimide/screen cathode device produces approximately an order of magnitude more output power than that generated when the voltage polarity is switched and the screen serves as the anode. In the latter case, the devices are unstable and fail at relatively small values of discharge power loading. Finally, because the cathode area occupied by the discharge increases with current and quickly extends beyond the bore of the microcavity, the optical power emitted by the discharge from the cathode side is greater than that measured when viewing the anode. Fig. 11 illustrates the dependence on the Ne gas pressure of the power emitted in the 300-800-nm spectral interval when viewing a Ni screen/ 10-m polyimide/50-m Ni foil structure from the cathode or anode side. The device had a 150-m diameter cylindrical microcavity and all of the data were acquired with a constant voltage of 200 V. It is clear that the power recorded by viewing the cathode exceeds that produced in the anode region by more than an order of magnitude, and the ratio between the two reaches its maximum value at a Ne pressure between 300 and 400 torr.
One of the most attractive features of the microdischarge devices having the metal/polymer structure is their versatility. In addition to their potential as large, flexible displays, these devices are promising as inexpensive sources of radiation from a wide range of atomic and molecular species. For example, Fig. 12 shows the emission spectrum, over a portion of the UV and visible (320-580 nm), produced by a Ni screen/10-m polyimide/50-m Ag foil structure in which the silver foil acts as the anode. The data of Fig. 12 were obtained when the device was The diameter of the cylindrical microcavity is 150 m.
operating with 100 torr of Ne, but it is evident that the spectrum is completely dominated by atomic Ag lines. Introduced to the discharge by heating of the anode, Ag atoms are excited as a result of Penning ionization by the Ne metastable species (3s P ). Not surprisingly, then, the emission lines of Ne itself are quite weak. The characteristics of this device are ideal as a spectroscopic source and can readily be tailored for other atomic and molecular emitters.
Although all of the data presented to this point are associated with driving microdischarges with dc voltages, the devices are also well behaved with ac excitation. The -characteristics for a metal/polymer device in which both electrodes are metal screens are presented in Fig. 13 . Consisting simply of a Ni screen with 50-m square openings, a 130-m-thick polyimide film, and a second Ni screen, this device had a 150-m diameter microcavity. The data of Fig. 13 (all values are RMS) were obtained for three values of Ne pressure and 60 Hz ac excitation. Operating voltages below 115 V have been observed to date and the devices are reliable and produce spatially uniform glow discharges. Before leaving this section, it should be mentioned that the versatility of the metal/polymer microdischarge structure is underscored by the recent report by Sankaran and Giapis of the maskless etching of Si with an array of Cu foil/polyimide microdischarge devices [13] .
IV. MICRODISCHARGE-ASSISTED IGNITION OF AN ARC DISCHARGE
To further illustrate the potential of microdischarge technology, an application is described here that draws, not on the ability of a device or array to produce intense visible or UV radiation, for example, but rather on its capacity for also providing charged particles. This is a unique characteristic of plasmas, which although not immediately germane to optoelectronics, is nevertheless an intriguing capability for future devices, particularly as the spatial dimensions of microdischarges steadily shrink.
Metal-halide, Hg, and Na arc lamps today produce worldwide several GW of visible light. In the United States, lighting accounts for more than 20% of electric power consumption. One of the major factors limiting lamp lifetime and radiant efficiency is sputtering of the tungsten electrodes that occurs predominantly during startup of a cold lamp. In particular, accelerating the breakdown and glow-to-arc transition phases associated with startup and reducing the breakdown voltage of the lamp, in particular, have long been priorities within the lamp community.
We have found that a microdischarge array installed behind the tip of a cathode is effective in reducing both the voltage required to break down the gas, and the time lags (formative and statistical) associated with the formation of the arc. Fig. 14 is a schematic diagram of the tungsten cathode/microdischarge assembly tested in these experiments. Fabricated from a machinable ceramic, the assembly was designed to slip onto the shank of a thoriated tungsten electrode that is identical to those installed in commercial metal-halide lamps. Three cylindrical microdischarge devices, consisting of a 400-m diameter molybdenum hollow cathode and a Ni screen anode, were installed in the assembly so as to lie the same distance behind the cathode tip, but are separated from one another by 120 (in the plane transverse to the axis of the discharge's two tungsten electrodes). The anode-cathode gap for each of the three microdischarges was fixed at 250 m. The assembly of Fig. 14 was mounted in a vacuum chamber so that the gap ( ) between the tungsten cathode and an anode, also tungsten, was 3.5 cm. After evacuating the entire structure to 10 torr, the vacuum chamber was back-filled with research grade Ar. In all of the experiments conducted to date, dc voltages were applied to the microdischarges and the tungsten electrodes. The microdischarge cathodes were shorted to the tungsten cathode and the anode screens were connected, through a resistor, to the same positive voltage applied to the tungsten anode.
Measurements of the breakdown voltage between the two tungsten electrodes as a function of Ar pressure and cm are summarized in Fig. 15 . Results for several values of the total current drawn by the microdischarge array are given. If the microdischarge array is disabled, igniting the discharge requires voltages ranging from 1.8 kV (for an Ar pressure of 35 torr) to 2.5 kV (for torr). With the array in operation, however, the breakdown voltage falls to a constant value of 1 kV for torr and rises linearly for higher pressures. Similar results are observed for different values of L and other gases, such as a mixture of 2% Xe in Ne. Note that the reduction in breakdown voltage by the array for an Ar pressure of 50 torr is roughly a factor of two and that larger improvements are observed at higher pressure. Further details regarding these experiments can be found in [14] , but the data of Fig. 15 are consistent with the premise that the role played by the microdischarge array is to preionize the discharge by injecting plasma into the region between the tungsten electrodes. These and other experimental results obtained to date strongly suggest that an inexpensive microdischarge array, mounted within the lamp envelope and constructed of robust materials (tungsten, ceramics, etc.), will be effective in accelerating the cold startup (or re-ignition) of an arc lamp, thereby extending its lifetime.
V. CONCLUSION
Although at an early stage of development, microdischarge technology has been shown to be of enormous promise for optoelectronic devices and on-chip subsystems. Almost 10 devices have already been fabricated in 10 mm of Si. Scaling such arrays in size by two orders of magnitude appears to be quite feasible, which suggests that microdisplays having 10-20 m pixels and emitting areas of several cm can now be realized. In addition to the Si-based devices and metal/polymer structures that have been discussed here, microdischarge devices have been successfully tested in ceramic and hard-sealed metal/glass structures. Space considerations preclude a complete description of all of the types of devices explored thus far. This new family of hybrid semiconductor/gas devices is well suited for integration with electronic, fluidic, and biological systems requiring an optical source for spectroscopic diagnostics (absorption, fluorescence excitation, wavelength calibration) or photochemical reactions. The possibilities appear to be extensive. It is our expectation that microdischarges will prove to be of value for displays, chemical sensors, and the remediation of environmentally hazardous gases and vapors.
These devices are also intriguing from a fundamental point of view. The ability to produce microplasmas having volumes of 1-10 nanoliters and spatial dimensions approaching the wavelength of near-IR radiation opens several avenues of inquiry. The quantum electrodynamic behavior of these devices as dimensions fall below 1 m is of particular interest. Publication Award (1979) for his work at NRL in which he co-discovered the proton beam pumped laser (Ar-N , XeF). Since joining the faculty of the University of Illinois in 1979, he has been engaged in research in atomic and molecular laser spectroscopy, the discovery and development of visible and ultraviolet lasers, and the development of photochemical vapor deposition. He and his students have demonstrated several new lasers and amplifiers in both the gas phase and in glass fibers, including the first ultraviolet and violet fiber lasers. With his students, he developed laser spectroscopic techniques that have resulted in the discovery of Rydberg series in the rare gas dimers Ne -Xe , and the observation of the free!bound (photoassociation) spectra of atomic pairs. Recent accomplishments of his research group include the generation of coherent UV by atomic wavepackets, and the development of microdischarge devices in silicon. 
